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−∞

∫
∞
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√∑
b(fb − λ<K>

b )2

∑
b f

2
b

¨ ��ÍJ¬
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L(λ) =
∑

d

[pd log(pd)− pd − log(pd!)]
¨ �1�J¬
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L(λ) =
∑

d

[pd log

(
∑

b

λbRdb

)
−
∑

b

λbRdb − log(pd!)]
¨ ���y¬
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∑
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Rdibn = 0

}y�[|
Rdjbn 6= 0

¬
®
ª~tnvjikXn]#vj\@o<vk]���}yh¹vj]#\:}yvj¦y]#|£m��»ª�m�r[®��<�µ�[oyi¹o<�nq¥f�}Á|nm�hj{nq�}y�#]"\@]#�4i�oy�wikXn]�]#\@mphkhkmpo<�
]#qp]#\@]"�4i´mph�l.]#]"�§�"o<�nhjm�|n]"vk]"|§lnt[i�}yqphko:|[]"�¸o<vj\º}·i�mpo<�Hoy��mpi#®

� �
	 � ����� ����� ������� � & ��' ' �� �� � � � � & � ��� �� ��	� & � 
 ���  !"#&(� ���� ������

 �����! �������� � � ���� ��  ��������� �� ����� &(� � "#� �

�´h(m¥i�±²}yh(h�}ymp|=���¸o<v¹ikXn]@�#}yq��"tnq�}�i�mpo<�Koy�]1}y��XKhjfghjik]#\ \:}�i�vjm¥Â�i�]#vj\U���[oyi(o<�nq¥f»|nmphb¶
{nq�}y�#]"\@]#�4ikh�oy��]#}y��X�]"\@m�hjhkmpo<�§]"q�]"\@]#�Ji¹}�vk]��#o<�[hkmp|n]#vj]#|§l[t[i�}�q�hko� <o<qptn\@]�|n]
�¸o<vj\º}�¶
i�mpo<�Ho���m¥i1®
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U(x, y, z)
i�X[]�|nmphk{nq�}y�"]#\@]#�4i` <]#�
i�o<v!¤n]#qp|�Xn}� gmp�nr�i�X[]�mp�[�¸o<vk\:}�ikm�oy�ºoy�=Xno�±

}y�§]#\@mphkhjm�o<�»]"q�]"\@]#�4i´±�mpikX��#ogo<vj|nmp�~}�i�]"h
(x, y, z)

\:o� <]#|�mp��hk{n}y�#]�i�o:i�Xn]�{.o<hkm¥i�mpo<�
(xp, yp, zp)

�N}y�[|
ϕ(x, y, z)

i�X[]�|[]"�¸o<vj\º}·i�mpo<�U�¸tn�n�
i�mpo<�H|n]"¤~�[]#|�}�h 

xp = x+ Ux(x, y, z) = ϕx(x, y, z)
yp = y + Uy(x, y, z) = ϕy(x, y, z)
zp = z + Uz(x, y, z) = ϕz(x, y, z)



ϕ(x, y, z)

¨ �1�J¬

WYXn]"�=�nmpi²m�h²{.oyhkhkmplnqp]�iko��1}yqp�#tnq�}�ik]¹ikXn]¹r<v�}�|nmp]#�4i²oy�
ϕ(x, y, z)

}·iY}��"]#vbi�}ymp�U]"\@m�hjhkmpo<�
]#qp]#\@]"�4i

p = (px , py , pz )
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∇pϕ =




∂ϕx

∂x

∂ϕx

∂y

∂ϕx

∂z
∂ϕy

∂x

∂ϕy

∂y

∂ϕy

∂z
∂ϕz

∂x

∂ϕz

∂y

∂ϕz

∂z




∣∣∣∣∣∣∣ x = px

y = py

z = pz

¨3�y�J¬

e³mp�n�#]
∇pϕ = Id +∇U(x, y, z)

±�m¥i�X
Id
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∇pϕ =




1 + ∂Ux

∂x
∂Ux

∂y
∂Ux

∂z
∂Uy

∂x
1 + ∂ Uy

∂y

∂Uy

∂z
∂Uz

∂x
∂Uz

∂y
1 + ∂Uz

∂z




∣∣∣∣∣∣∣ x = px

y = py

z = pz
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|∇pϕ| > 1

¬¯�~}@�"o<�4ikv�}y�
i�mpo<�¼¨
|∇pϕ| < 1
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∇pϕ
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(0)
p , λ

(1)
p , λ

(2)
p )

±�m¥i�X
λjp(j = 0, 1, 2)

]#mpr<]"�4 �}yqptn]"h�oy�
∇pϕ

}y�n|
]1}��¯XB�"o<qptn\@�Boy��\:}�ikvkm Â

P
�[}y��]"m�r<]"�4 <]"�"iko<vYoy��\º}·i�vkm Â

∇pϕ
®�Ê,X~}�i²mph²o���o<tnvm��Ji�]"vb¶

]#hbi1�~m�hYi�X[]�mp�[�¸o<vj\:}�i�mpo<�UikX~}�i��1}���l.](vk]
i�vjm�]
 <]#|��¸vjo<\É\:}�ikvkmp�#]#h
P
}y�n|

D
®

e³mp�n�#]�i�Xn]B]"m�ry]#�4 <]"�"iko<vkh:vj]#{nvj]#hj]#�4i@ikXn]B{nvk]
�¸]#vjvk]#|À|nmpvk]#�
i�mpo<�nh@oy��}�\:}�i�vjm¥ÂC�Gm��Àoytnv
�1}�hk]»i�X[]"f¿vj]#{nvj]#hj]#�4iUi�Xn]»{nvk]
�¸]#vjvk]"|%|[]"�¸o<vj\º}·i�mpo<�,|nm�vj]#�
i�mpo<�Loy��}��,]#\@m�hjhkmpo<�%]#qp]
¶
\@]#�Ji1��±�X[m�qphji�]" <]"vjfK]"m�ry]#�J �}yqptn]ºr<m¥ <]#h(i�Xn]@\º}�r<�nm¥i�tn|n]@oy�i�Xn]@|n]"�¸oyvk\:}�i�mpo<�Kmp�Ki�X[]
|nmpvk]#�
i�mpo<��oy��i�X[]�}�hkhkog�"m }·i�]#|�]"m�r<]"�4 <]"�"iko<v#®
ª�mprn®w��{nvk]"hk]"�4i�h`}�ik]#hji!{.]#vj�¸oyvk\@]#|:i�o���Xn]"�¯¦�Xno�±Ã]"\@m�hjhkmpo<�nh`]"q�]"\@]#�Ji�h�¨¸\@og|n]#qpq�]"|�}yh
hk{nX[]#vk]"h�¬�i�vk}y�nhkq�}�ik]�}y�[|»��X~}y�nry]�i�Xn]"m�v´ <oyq�tn\@]�}y�#�"o<vk|[m��nrÁi�oB}Á{nvk]¯¶�lnt[m�q¥i�|nmphk{[q }y�"]
¶
\@]#�Ji� <]#�
i�oyv�¤~]"q�|=®

243�56247



����
 =��� ��& #% � � #���� 4 ��� &�� #%  ���!�& � #%����� ; 4 � 
�
�� #%����# 4 #��  .� = :�� �1�

ª�mpr<tnvk]¹� «W�]#hbi�mp�nr�ikXn]´|n]"�¸o<vj\:}�i�mpo<��oy��}�hk]
iYoy��hj{nXn]#vj]
¶ÅhkX~}y{.]¯¶�\@og|n]"q�qp]#|H]#\@mphkhjm�o<�[h
]#qp]#\@]"�4i�h!�¸o<qpq�o�±�mp�nr�}�{nvk]¯¶�lntnmpq¥i|nmphk{nq�}y�"]#\@]#�4i <]"�"i�oyvG¤~]#qp|=®wÇ�]
� i wa¹vjm�r<mp�~}yqnhk]
i`}y�n|
|nmphk{nq�}y�#]"\@]#�4i� <]"�"iko<v�¤~]"q�|µ®��m�ryX4i wW�v�}y�[hkq�}�i�]"|§}y�n|H|n]
�¸o<vk\@]#|Hhk]"i#®

� � � � �"��� ���@�����"���

WYXnmphYhk]#�
i�mpo<�U{nvk]"hk]"�4i�hYikXn]¹m�\@{nqp]#\@]"�4i�}·i�mpo<�Hmphkhjtn]#h��#oy�n�#]"vk�nmp�nr�i�Xn]¹{~}�v�}yqpq�]"q�mp¢1}·i�mpo<�
oy��i�X[]�Æ§Ç�z!Æ }yqpr<o<vjmpikXn\ }yh�±]#qpq�}�h�i�X[]�}y�"�#]"q�]"v�}�iko<vkh��¸o<v�ikXn]��¸o<vb±²}yvj|§}y�n|§ln}y��¦J¶
±²}yvj|Áo<{.]"v�}�iko<vkh"®«W�o�¤~�~}�q�mp¢#]�±�m¥i�X�}�lnvjm�]
��|n]"hk�#vjm�{³i�mpo<��oy�µikXn]¹e³mp\ºe[zwW¿q�mplnv�}�vjf:}y�n|
i�Xn]�° � �wW%i�Xno<vk}·ÂB{nX~}y�Ji�o<\U�~t[ikm�qpmp¢#]#|H�¸o<v²ikXn](q�t[�nr<h�hkmp\�tnq }·i�mpo<�=®

� �
	 � �!"����
��� ��� � � ���� ��  �� ��% � � � � � ������ !"�����% & �  �" ��� ��&(�!���
"�� �  �� ' � " � � ���� ��

_��ºhk]"�"i�mpo<�B�³® Í[�4m¥iX~}�hl.]"]#�Ávj]#\:}yvk¦y]"|ºi�Xn]�hjq�o�±¿�#o<�J <]#vjr<]#�[�#]´oy��Æ§Ç�z!Æ¡�³}y�[|ºhko<\@]
hko<qpt[ikm�o<�[h´±`]"vk]�{nvj]#hk]"�4ik]#|£mp��o<vk|n]"v�i�oÁ|n]"�#vk]#}yhk]�i�Xn]��"o<�4 <]"vkr<]"�n�#]�ikm�\@]y®�Ê,Xnmpqp]�m��
i ±o�|nmp\@]#�nhjm�oy�nh!ikXn]�hk{.]"]#|º{nvjo<lnqp]#\ oy�.ikXn]Yik]#��Xn�nmpsgt[]�mphw�¸]1}yhjm�l[q�]Yi�o(hkoyqp <]�l4f�tnhkmp�nr
�¸o<v�]
Â[}y\@{nqp]Hhj\º}�q�qp]#v@{nvjoyxb]"�"ikm�o<�[h@hktnlnhj]"ikhÁ}·i@]1}��¯X8m¥i�]"v�}�ikm�oy� ¨3a(e[z!Æ }y{n{nvjoJ}y��XN¬
o<v�lJf�|n]"hkmpr<�nmp�nrB\@o<vj]��#oy\:{[q�]¯Â§±²}1f³h�i�oÁhjiko<vk]�i�Xn]�hjfghji�]"\�\º}·i�vkm ÂHi�oÁrJ}ymp���6}yhjik]#v
|~}�i�}�}y�"�#]"hkh²i�mp\@]#h#®w_���i�X[vk]#]´|nmp\:]"�nhkmpo<�nhYm¥i²m�h`vk]"sgt[m�vj]#|H}��¸oyvk�"]¹l[vkt[ik]¹\@]"ikXnog|Bq�mp¦y]
{~}yvk}yq�qp]"q�mphk\U®
u�}yv�}�q�qp]#qpmp¢1}�ikm�o<�¼o��Yz!Æ }�q�ryo<vkm¥i�Xn\@h�X~}yh�l.]#]"�E}yqpvk]#}y|[f£tnhk]"|¼iko�hk{.]#]"|ntn{¼i�Xn]:�#oy�³¶

565436587:9<;>=



�y� ���������	��
�����������������	���������������� "!�#%$� �&

 <]#vjr<]#�[�#]y�~mp� � � � �=}�hktn\@\:}yvjfÁoy��{nvk]
 ³mpo<tnh²±`oyvk¦4hYmphY|[]#hk�"vkmpl.]#|=® ��]#vk]´i�X[]¹�#o<\@\@o<�
|n]#�[o<\@m��n}�i�o<v�X~}yh�l.]"]#�¼ikXn]º|nmphjikvkmplnt[ikm�o<�¼oy�`i�Xn]:�#oy\:{[t[i�}�ikm�oy�~}yq!qpoJ}�|¼o��²�¸oyvj±²}�vk|
}y�n|Hln}y�¯¦J±²}�vk|�{nvko�xb]"�"i�mpo<�nh�o� <]"v�}�hk]
i�o���{nvjog�#]#hjhko<vjh#®
WYXn]\:}ym���}�hk{.]#�
i«o��nikXn]`}�q�r<oyvkm¥i�Xn\ mp��ik]#vj\:h�oy�n{~}�v�}yqpq�]"q�mp¢1}·i�mpo<�=�ymph�±�mpikXno<t[i�}�|[o<tnl[i
i�Xn]´mp�n|n]"{.]#�n|[]#�n�#](l.]
i ±]#]#�U�[]#mpr<Xgl.o<v`]"\@m�hjhkm�oy�nhY]#qp]#\@]#�Ji�hYo� <]#v²}�hjm��nryq�]¹m¥i�]"v�}�ikm�oy�=�
±�Xnmp�¯X�]1}�hk]"h�m¥i�h�mp\:{[q�]"\:]"�4i�}�i�mpo<�=®
a¹tnvHmp\:{[q�]"\:]"�4i�}�i�mpo<�dmph��"o<\@{.o<hk]"|dl4f¿i�Xnvj]#]¡hbi�}yry]#h�oy��{~}yv�}�q�qp]#qpmphk\U® ª�mpvkhji#�(}yh
hktnryr<]#hbi�h@]"s4t~}�i�mpo<�%¨ ��-J¬
�w�#}yqp�#tnqptnh@oy��ikXn]B�[o<vk\:}yqpm�¢#}�ikm�o<�½i�]"vk\ �¸o<v�i�Xn]B�"o<vjvk]#�
i�]"|
|n]"ik]#�
i�mpo<�¡{nvjo<l~}yl[m�qpmpi�f»hjXno<tnqp|¡l.]�fgmp]#qp|n]#|¡l.]"�¸o<vj]�i�X[]@hjik]#{nh�o���¸oyvj±²}�vk|K}y�n|Kln}y��¦
{nvko�xb]"�"i�mpo<�=®wWYX[]#�=�[{~}yv�}�q�qp]#qpmp¢1}�ikm�o<��oy���¸oyvj±²}�vk|�{nvjo�xb]#�"ikm�oy�Bhbi�]#{Bmph`{.]#vj�¸oyvk\@]#|=®wWYXn]
�#oytn�4ikh�]#hbi�mp\º}·i�]#h´}yvk]�hbi�o<vj]#|§}y�n|�tnhk]"|§m��Hi�Xn]��n]¯Âgi¹}y�n|H¤~�~}�q�hjik]#{§oy��{~}yv�}�q�qp]#qpm�¢#}·¶
i�mpo<� �nl~}y��¦J±²}yvj|§{[vko�xb]#�
i�mpo<��}y�n|Hm�\:}�r<](tn{.|~}�ik]y®
ª�mprn®!Í@hjXno�±�h�}@|nm�}yr<vk}y\ ±�Xn]#vj]�m¥i��1}���l.](hk]#]"�§Xno�±d]1}��¯X�oy�n](oy��i�X[m�h�{~}yv�}�q�qp]#qpm�¢#}·¶
i�mpo<�¼i�}yhj¦gh�vk]"q }�ik]#h�i�o§ikXn]�oyikXn]#vjh#®£z!}��¯XEl.o�Â¼mp�Àª�mprn®»Í§vk]"{nvk]"hk]#�Ji�h:}��E]"�4i�m¥i�f¼oy�

SLAVE LS SLAVE FP SLAVE BP

MASTER

Direct commnicatin master/slave
send of common information

Calculated data goes through master to final destination

Direct communication slave/master
send of slave−specific information

LS Matrix Image update iteration K+1FP estimates

sinogram space
image space
sinogram data
displacement vector field data
image data at iteration K
image data at iteration k+1
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